Determination of the absolute phase difference (i.e., not modulo 2.n) is a key problem in interferometric synthetic aperture radar (IFSAR) for topographic mapping. One way of solving this problem requires use of a technique different from the basic interferometry to resolve a "coarse" angle measurement that lies within the IFSAR ambiguity angle. The method investigated in this paper involves taking advantage of the difference in the amplitude ratio versus elevation angle that occurs when the elevation beams of the two IFSAR antennas are pointed in slightly different directions. The performance of the technique is a function of the angular separation of the two beams, the elevation beamwidth, and the symmetry of the two beam-amplitude patterns. The performance required of the technique is set by the ambiguity angle of the interferometer. This paper presents an analysis of the beam-amplitude ratio technique and shows experimental results.
INTRODUCTION
There continues to be growing interest in the area of height mapping using interferometric synthetic aperture radar (IFSAR). The ultimate goal of IFSAR is to provide an automatic way of producing elevation models in a true ground coordinate system or a WGS-84 coordinate system. This is accomplished in IFSAR by estimating an elevation angle relative to an antenna baseline-coordinate system, and then transforming to the desired ground or WGS coordinates. The elevation angle estimate is derived from the measurement of the interferometric phase.
One of the problems that must be overcome is determining the absolute ambiguity of the interferometric phase. This ambiguity comes from the fact that practical IFSAR systems do not adequately Nyquist sample the antenna elevation beamwidth. The consequence is that the elevation angle determined from the interferometric phase is unknown to some multiple of the spatial Nyquist frequency.
Two techniques have been proposed to address this issue in 111, and an overview of techniques is found in [2] . These methods can be thought of in two general categories. The first is to acquire additional Nyquist samples, such as multiple frequencies or baselines [ 3 ] . The second is to use non-phase information to aid the process. This could be tiepoints, or it could be a range-stereo technique as proposed in [1,21.
In this paper we describe another technique that falls into the second category. This technique proposes applying a different elevation squint to each of the IFSAR antennas, as with amplitude monopulse, and using the relative intensity information to unambiguously determine the antenna pointing. Tying the antenna pointing to the IFSAR angle allows us to determine the absolute ambiguity in the IFSAR elevation angle measurement.
In the following sections we will briefly discuss the theory of operation and calibration. Finally, a couple of examples are presented. Figure 1 illustrates the fundamental operating principle of the beam-amplitude ratio technique. The idea is that the elevation angle to a target within the scene can be determined from ratio of the intensity between the two antennas. The angle measurement is not as sensitive as the angle determined from the interferometric phase. However, it only needs to be sensitive enough to determine the ambiguity. Ignoring noise and assuming a Gaussian antenna pattern, we can follow the derivation of [4] and arrive at the following equation for the angle estimate:
THEORY

Principle of Operation
where:
8 -is the estimate of the elevation angle RdB(c)) -is the beam ratio in dB <,dB -is the 2-way peak power of antenna #2
-is the 2-way peak power of antenna #1
rl -is a scale factor
The scale factor, 77 , can be shown in this case to be:
8 -is angular separation between the two beams 8 -is half of the beamwidth of the one-way antenna pattern Equation (2) indicates that it is desirable to separate the antenna beam pointing as far as possible. It is intuitive that there is a noise penalty paid by both the beam-ratio technique and the IFSAR due to the antenna separation that is not borne out in equation (2) . The signal-to-noise ( S N R ) penalty that the beam-amplitude ratio technique has on the IFSAR height noise can be calculated using equation (22) from [5] and equations (25) and (31) from [6] . Figure 2 shows the IFSAR height noise increase due to the antenna separation for an example system configuration. The calculations in figure 2 are based on a system with a 15-dB SNR at the beam center, a pair of antennas with 15-degree elevation beamwidths, a 1700-m ground swath at a 45-degree incidence angle, and a short range (5 km). Note that at 3 degrees of beam separation there is only a 5 9% height noise penalty. This corresponds to an increase of only 0.4 dB in the system noise floor, which is acceptable for many system applications. The 3 degree beam separation gives a separation ratio of U5 of the beamwidth. An offset of around 1/4 to 1/5 the beamwidth provides a good compromise between ratio sensitivity and system height noise.
The fact that the antennas are not aligned also leads to a reduction in the 3-dB beamwidth measured from the full two-antenna SNR. This is an important consideration when optimizing the design of an interferometer. Figure 3 shows the reduction of system beamwidth with beam separation for the case described above. Again, the penalty is small for a separation ratio of 1/5, and quickly becomes unacceptable as the separation approaches 1/2. Increasing the beam separation angle also increases the noise for "coarse" angle estimate from the beam-ratio. Simulations were run for the case of a Gaussian antenna pattern with a 3" beam separation and a 15" elevation beamwidth. Figure 3 shows the effect of SNR and the effect of number of looks on the error in the estimate of the beam ratio, &(e). Figure 4 shows the effect that the antenna beam separation angle has on the error in the beam ratio. The error in the angle estimate is found by dividing by the scale factor, q . The system design is based upon keeping the standard deviation of the angle error well below half of the IFSAR ambiguity angle. This is accomplished by a trade-off of number of looks, sufficient beam separation and height noise.
CALIBRATION
In order to determine the absolute ambiguity angle, we must be able to sufficiently calibrate the relative power between the two channels. Calibration error introduces an error into the term (<,dBin equation (I) . The accuracy with which we can calibrate the relative channel power influences how we set the scale factor; hence, ultimately how we set the antenna separation. This is a potentially more important influence on the choice of antenna separation than is the SNR consideration because we can always increase the number of looks in the SNR case. The Four Hills formation is a small range of mountains with terrain height changes sufficient to require an absolutephase technique. For this example, the beam ratio was calculated for adjacent patches of the mountain terrain at a point where the number of ambiguities should have changed. Figure 5 shows that the third patch (aperture 26) has an ambiguity relative to the second patch (aperture 25) at the center of the scene (range bin number 1024). In Figure 6 , the beam ratios for each patch are plotted versus the estimated angles from the respective unwrapped phases.
EXAMPLES
The patch with the ambiguity is shifted by an integer multiple of the ambiguity angle. From this figure we can see that the best fit is when the second patch is shifted by one ambiguity with respect to the first patch. The Washington Monument is an example of an entirely different application of the beam-ratio --identifying a specific area within a scene that cannot be unwrapped using traditional path-following techniques.
The beam-ratio technique can also be used for this more difficult and general problem if S N R and calibration issues are adequately addressed. Figure 7 illustrates this use of the technique.
Figure 7 (a) shows the height of the top of the Washington Monument estimated directly from the unwrapped phase difference. Because the top of the monument is less than n radians below the surrounding terrain in the phase image, there is no indication that a wrap has occurred. Figure 7 (b) shows the beam-ratio computed for the same scene, scaled as a number of 2-n ambiguities.
In the Monument area, the ratio value shows that 1.75 ambiguities must be added back. The indicated value must be rounded, giving an actual phase to be added of 2.21~. 
CONCLUSIONS
The theory and examples show that the beam-amplitude ratio technique can be used as a method for determining the absolute ambiguity angle; hence, the absolute phase of the IFSAR system. The overall height noise penalty paid can be kept small. The key to successful ambiguity determination is the ability to measure and control the relative calibration between the two channels of the IFSAR system. The technique does not require the additional image formation processing of the multi-frequency approach or the extra hardware of the multi-baseline approach, and it avoids the computation-intensive correlation required for using range stereo.
In the case of a well-calibrated system with high SNR, the beam-ratio can also be used either to eliminate or seed the phase-unwrapping process. robust system performance in terrain.
This will lead to much more areas with rapidly changing
